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INTRODUCTION
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EFFECT OF WATER DROPLETS ON EXTINCTION 139

investigate the finite-rate chemistry effects. For
this rcason alone. numerous theoretical and
expcrimcnml studies have been performed in
counterflow ficld containing homogencous re-
actants and. more recently, heterogencous reac-
tants in the context of fucl spray combustion.
For the first time, Continiflo and Sirignano |2]
investigated the combustion of monodisperse
sized fucl droplets in a counterflow ficld numer-
ically for three different flow conditions. They
also investigated the conditions for validity of
the sclf-similarity approximation generally in-
rroduced in solving the conservation cquations
of the counterflow field. In this initial study of
Continillo and Sirignano [2]. many limiting ap-
proximations on the chemical kinctic model,
thermochemical and transport data were used.
Hence. no attempt was made to predict the
flame extinction phenomena. In a subsequent
study, Lacas ct al. [3] performed detatfed nu-
merical simulations of a similar monodisperse
spray containing (1) n-heptane fucl droplets,
flowing against air. and (2) liquid oxyvgen drop-
lets, Howing against gascous hydrogen. In both
these studies [2. 3] the droplets were trans-
ported in a carrier gas, and the sizes considered
were small enough that they were completely
vaporized before reaching the stagnation plane
established by the  two  opposed
streams. In another detailed numerical study.
Chen et al. [4] considered the motion of drop-
lets in a nonpremixed counterflow ficld. They
considered both n-heptane and water droplets.
For the droplet sizes considered. Chen et al. [4]
showed that a droplet can penctrate through the
stagnation plane established by the gascous
streams and reverse its trajectory at some point
in the opposing side of the flow. This also raised

LASCOUS

an intercsting yuestion on details of the numer-
ical technique that could overcome the singu-
larity associated with the droplet number den-
sity cquation at the point where the droplet
trajectory is reversed (see comments by Lietal.
in Ref. [4)]).

Once major difference between the present
work and that of Continillo and Sirignano [2] is
the description of the outer frozen flow ficld. In
Ref. [2]. the outer flow was described by irrota-
tional or potential flow ficld. assuming that the
fuel and air sources are located infinitely apart.
while in the present study a more general rota-

tional flow ficld is used to describe the fimte
separation distance between fucel and air noz-
zles. Consequently, assumptions introduced 1o
simplify the Lagrangian equations for droplets
to a sclf-similar form are slightly diferent.
Recent experiments by Li ¢t al. [} with meth-
anol fucl sprays have indeed found that the
outer low ficld lies somewhere between the
potential flow and plug How cases. similar Lo
that found for methanc—air gascous flames [6].
Their experiments [3] using a phase-Doppler
particle analyzer (PDPA) have also shown that,
near the axds of symmetry. the axial velocity.
droplet size. and number density are indepen-
dent of the radial coordinate, as assumed in the
present study.

While the above theoretical and experimental
studies have addressed aspects of combustion of
fucl sprays in a counterflow ficld. the present
study is focused on addressing the flame extine-
tion mechanism by fine-water droplets in &
similar flow ficld. To our knowledge. only Se-
shadri [7] pertormed experiments on extinetion
condition of counterflow [Tames with water mist,
however. the water droplets generated in that
study were so small that they were completely
vaporized in the air stream. b paralleb with the
present theoretical work, an experimental effort
is currently under way at the University of
Virginia on flame extinction by monodisperse
water droplets in the size range of 20-00 pm.
but here only the details of the two-phase
numerical mode! developed are reported. The
numerical model developed can provide de-
tailed description of the flame structure and an
improved understanding of the parameters con-
trolling the extinction phenomena. They can
also guide the supporting experiments. The
nonpremised flame considered here is that es-
tablished by o countertlow of methane and air.
with monodisperse-sized fine-water droplets in-
troduced with the air stream. The water droplet
loading, or the number density. considered is
small (the mass fraction of water in condensed
phase is {ess than 3%) such that the ratio of
droplet separation distance to droplet diameter
is greater than 20. Thus. the collisional cffects
between droplets are acelected. The gas-phase
chemical reactions are deseribed using an ele-
mentary reaction mechanism having 17 speaies
in 39 steps, with variable thermochemical and
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Fie. 1. An itlusiration of the countertiow field with water
droplets. Alsa shown is the typical gas How veloeity profite.

and the definition of How strain rate used

transport data. The vas—droplet interaction i
the present model s described using hybrid
somewhat

Fuleriun-1a formulation,

t
similar 1ot

srangian
vat employed in Rets. {2-4]. The
diseretized gas-phase equations are solved using
an algorithm that include Newton and fixed-
point iteration steps. Unlike the previous work
[4]. a rigorous method of handiing the singulari-
lies associated with the droplet number density
cquation at the stagnation point of droplets is
deseribed. The resulting model is then used to
predict the trajectory of water dropiets and the
modificd extinetion conditions for @ range of
monodisperse droplet sizes.

FLOW CONFIGURATION

A sehematic of the counterfiow configuration
considered in the present study.very simifar to
the ongoing experimental elfort. is shown in Fig.
[ When ignited, a steady laminar flame can be
established within the mixing laver. as mdicated
in Fig. 1. The exit velocity profiles of hoth air
and fuel streams are assumed 10 be of the plug
flow type. The droplets are introduced though
the upper nozzle at a steady rate with the wir
siream and are assumed o be monodisperse. in
the present simudations. the droplet velodities at
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the nozzle oyt are assumed o be the same as
that of air. In actual experiments, these condi-
tions may differ shightly from those assumad
here but can be casily implemented with the
two-phase model developed here,

For the two-phase system conside here,
the gas velocity can difter from that of droplets.
The response of dropict trajectorics for ditter
cnt flow strain rates can be addressed by Varving
the nozzle exit velocities of methane and air
otreams. For plug flow boundary conditions
ased here {eorresponding 1o viscois, rotational
fow formulation). the flow stradn rate. ¢. i
defined as the negative of the asial velocity

radicnt of the gas in the air side (i.c. dviday,

just outside the mixing layer, as iHustrated in

Fig. 1. At lame extinction. the critical vatue of
(he flow strain rate is identified here as ¢ . in
experiments, the outer air fJow is known to
deviate slightly from the plug flow  boundary
conditions [6]. but. once detaited laser Doppler
velocimetry  data becomes available. sueh
boundary conditions can be casily implemented
in the present model

FORMULATION

The Navier-Stokes cquations. together with
multicomponent spacics and energy conservit
tion cquations. are well known and cun be found
in any fext on combustion 2. 9] With the
presence of droplets in the fow. these cquations
can become rather complicated, but somewlhiat
simpliticd two-phase consen ation  cquations
have already been considered in the context of
spray combustion [ 2=+ 10, 11

Beciuse of the large density ratio between
the liguid and the gus and the low-numbo
density of droplets inthe flow, clfects of the
volume oceupicd by droplets on the convective
and diffusive terms can be casily neglected. with
crrors introduced being fess than (0% As
consequence. interactions hetween the dropiets
and gas arc only due to souree terms associated
with transfer of mass, momentun. and cnerey.
Analyses of such couplings can be considerabiy
simpliticd by assuming that she droplets are
monodisperse. as considered here.
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simplified Conservation Equations for the
Gas Phase

The gas phase is described by a set of Euleriun
L,qutIOHS of conservation of mass. momentum,
and cneray. The tlow is assumed to be axisym-
metric, 1
fAow strain rates considered here, the effects of
body forces both in the momentum and 1o the

energy cquations are neglected. The gas 1S 4
Newtonian fluid, but, due to low Mach number,
pulk viscosity effeets are neglected. Ditfusion
velocitics are approximated using a simplified
multicomponent model. Viscous heating. Ki-
netic cnergy. work duc to gas compression,
radiative heat transfer. and Dufour ctfects are
neglected as compared to convective. ditfusive,

1o swirl, and steady. Because of high

and heat release terms. The condensed phasc is
assumed o he monocomponent, so that only
one of the species equation s affected by its
evaporation. The condensed phase cffects are
averaged as mass. and enthalpy
transfer (ram the condensed phase to the gas
phase per unit volume.

Because the fame established i the mining
laver is planar, a self=similar solution that pre-
serves profiles of scalar variables along the

monientum,

radial direction is used. Thus. we seck a solution
of the form [oo 120 13]

pom= i, o= pU, Y s Y.
T="1T(x).p=pix.r) (1)

which becomes exact along the axis of symme-
try. Here, x is the axial coordinate, s the radial
coordinate. 1+ the mass averaged gasyelocity inx
direction. u the mass averaged gas velocity in
radial dircetion. Y, the mass fraction of specices
A. 7 the temperature, and p the pressure. For
low Mach number flows considered here. pros-

sure is assumed 1o vary slowly along the axis of

symmetry, so that the gas density depends only
on the chemical composition and temperature.
and the momentum cquation along such axis

can be eliminated. However, the dependence of

pressure in the radial direction cannot be ne-
glected a prior and s given by po== py(a) o
Fopiar [14] Hence. the equation for radial
momentum deseribed below must be retained.

In the absence of droplets, such sclf-similar

formutations have been widely adopted ininves-
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tigating counterflow gascous flame structures
and flame extinction conditions. with compari-
sons to experimental data obtained along the
axis of symmetry. For fow relative vetocity of
droplets with respeet to the gas velocity, e
smali-droplet Reynolds number, it can be as-
sumed that the source terms S, S,/ = 5 and
S, contributing to the
cquations are functions ol axial courdinate v, as
shown in Ref. [2] for outer potential How and in
Appendix A for rotational flow with plug flow
boundary conditions. Here, S,
transter per unit volume from the droplets o
the gas, S, the radial momentum transfer per
unit volume {rom the droplets to the gas. and S,
the enthalpy transfer per unit volume from the

gas-phasce conservation

is the mass

droplets to the gas.
With these source ternms, the
cquations for mass, momentum in s direction.

conservation

species. and energy can be cast ina quast-one-

dimensional form. These equations. together

with the equation of state specifving the gas

density. are isted below
o N
Copry o+ 2pll= S, (2
Ay
d = , d ( dU
W L D] L R L |
P ! v VP
N US,, (3
Ay, d v .
oy = (pe b 0= 0]
P dy Pt /
{ ‘:7//\ Yﬂ, ) (1,,
A [ N ‘\4)
> {
8 ! d di
[)l vk oY } '/\, ]
T dvoodetda
N

L Womd, 008,

A

PR )

where s the gas density, p the gas viscosity, A

the eas thermal conductivity. o, the molar
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production by chemical reactions of specics k.
h, the specitic enthalpy of the species &, ¢, the
specific heat at constant pressure of the species
k. V, the axial mass diffusion velocity of species
k. W, the molecular weight of species &, W the
average gas molecular weight, R the universal
constant of gases. i the index of the evaporating
species, and 8, the Kronecker delta. The term
J = (l/r)y(op/or) in Eq. 3 cannot be neglected
as its limiting value at the x-axis is not zero and.
in fact. is a constant {6, 12. 13].

The flow velocitics, chemical compositions,
temperature, and pressure at the nozzle exits
are assumed given (as controllable or measur-
able quantities). Therefore, if v, and x, are the
axial positions of the lower and upper nozzles
shown in Fig. 1. the boundary conditions can be
written as

v = v, vy
U(.‘\'/) =

} A “f\./z b=

=<
=
I
=

T v — 7 TE - T
I"\/) - 7/" ”~\/r) - [u
pixg = pla,) = py (7)

Unless otherwise mentioned. the values used
here are T, = T, = 300 K. p, = | atm, x; =
~0.4 cm.x, = 0.6 cm,and U, = U, = 0. The
composition of fuel stream is pure methane, so
that Y4, , = 1, but that of air can be different.
depending on the water vapor or droplets used.
The values of v, and v, arc varied 0 get
different flame extinction conditions. Because
only the first derivative of v appear in the
cquation of mass. v cannot satisfy both the mass
cquations and the two B.Cs. Thus. the term J
acts as a constant pressure parameter. or an
cigen value, that allows the mass equation to be
satisficd. once v is specificd at the boundarics.
The solution of the system of equations de-
scribed above is cxact on the s-uxis and 8
approximate for small values of ¥ compared to
the radius of the air nozzle. With the reduced
number of discretized  cquations,  {inite-rate
chemistiy effects can be resolved accurately
using a detailed reaction mechanism in a highly
refined numerical grid along the axis of symme-
trv.
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Singularities of Droplet Number Density
Equation

The dynamics of a single droplet can be deter-
mined by integrating in time its cquations of
mass, momentum, and encrgy. Previous studies
[2. 3] have suggested that condensed-phase cl-
feets can be coupled to the gas phase by simply
multiplying the interaction of one droplet by the
local droplet number deasity, 72, that should
satisfy a steady-state equation. However, in the
case of the counterflow tield. ditficultics arise as
droplets can penetrate the stagnation plane and
reverse their trajectories [4]. If Eulerian tormu-
lation is used for droplets. with sclf-similarity
formulation. the equation describing the con-
servation of droplet number density, 11, can he
written as (assuming droplets are not created or
destroved)

d ,
gt

(,l,\ 2n,U, = 0. (8}
where U,y = uy/
axial and radial velocity components of the
droplet and 7, the initial radial location of the
droplet (very close to the axis ol symmetry) at
the air nozzle exit, The above cquation assumes
that, for any point in the domain where the
cquation is regular, n, and U, can be uniguely
defined. Assuming U, s assigned or already
caleutated from single droplet cquations, the
above equation indicates that du /dx blows up
as v, — 0. and therefore # .

Such a high peak in ny, is not expected in the
droplet flow, where the average distance be-
tween droplets can vary from about 20 to 35 or
more droplet diameters and their motion is

Fane with v, and u, being the

quite ordercd. T fact. n,, cannot even be strictly
defined as the number of droplets per unit
volume because the sample volumes are layvers
perpendicular to the x-axis and their thickness
can be of the same order as the droplet diame-
ter. Under such conditions, as the droplet mo-
tion cannot be treated as a continuum, the
problem needs to be reformulated in a different
way. i.c. by using a Lagrangian description of
the droplet motion as described below.



EFFECT OF WATER DROPLETS ON EXTINCTION 163

Conservation Equations for the Condensed
Phase

The Lagrangian equations that describe the
conservation of mass, momentum, and enthalpy
of a single droplet in a steady counterflow field
are considered here. The droplet number den-
sity considered is small (corresponding to 4
maximum water mass {raction of 3% in con-
densed phasc), so that the average distance
between droplets is at least an order of magni-
de greater than their diameters. Henee, drop-
let-droplet interactions. espeetally collisions,
can be neglected. The droplet is assumed to be
spherical and nonrotating. For simplicity. the
temperature of the droplet is assumed to be
aniform. but is allowed to vary in time from the
roor temperature at the nozzle exit to the
equilibrium temperature determined by the
heat transfer and cvaporation rate {sec Eq. 24).

To integrate such cquations describing the
droplet motion, simplificd models are needed to
describe the viscous forces through Stokes drag
formulation and heat and mass transfer through
Spalding’s transfer number concepts {see Ap-
pendix A). The boundary conditions necessary
for such lumped models are averaged gas veloe-
iticx. temperature, water vapor mass fraction,
and transport coetticients. All such variables are
assumed to vary along the flow stream lines with
characteristic lengths greater than the droplet
diameter. Under such assumptions, a sclf-simi-
lar solution for the droplet dynamics can also be
used. Introducing the subseript J o identify the
conditions of the droplet. the appropriate dy-
namical variabies characterizing the state of the
droplet can be defined by velocity components
voand U (= i), mass my, (or diameter d.
knowing the density of water. p,). and temper-
wure 7, The resulting Lagrangian cquations
for mass, momentum, and cnergy to be solved
are (see Appendix A for further details)

d o, SAW
Cdy = = {v)
dr P,
dv, 18p
S e sy (10
di P i )
AU, [ IS T 11
dt S pd o+ tth

dT, 12X

(r, T LW
exp(W) — | ¢, |

s

dt py,d
where W is the Spalding's transfer number given
by

| =¥
v 1n( A (13)
le; : )

The solution of the above equations yields the
transter of mass. momentum, and energy froma
single droplet to the gas phase along the droplet
trajectory until it is completely vaporized. The
details of coupling the source terms arising from
a single droplet to the source terms appearing in
gus phase Egs. 2-5 arc described next.

Source Terms S,,, S;, and S,

In principle. the source terms S, 5y and S,
contributing to the gas-phase equations can be
determined by integrating Eq. 8 for the droplet
number density. 71, and then multiplying Q.
ou, £ and Q(hy + L) H (ic.
negative of the right-hand side of Egs. Al3.
ALS. and Alo by 1, at cach location along the
x-axis. As discussed earlier. the solution of such
a Eulerian equation for a1, diverges if the drop-
let veloeity approaches zero exactly at any node.
Consequently, the source terms will also blow
up when multiptied by n, to include multiple
droplets in the flow. Instead of integrating the
droplet number density equation given by Eq. 8,
if a Lagrangian cquation for droplet fiux is
integrated in time. then the source terms con-
tributing to cquations for mass. momentum, and
enthalpy will remain finite cven at the droplet
turning point. The development of an appropri-
ate Lagrangian cquation for droplet flux frac-
tion is described below.

In Appendix AL it is shown that. under some
simplifying but reasonable assumptions, 172, v,
{7, and T,; arc not functions of r,, . at least near
the axis of symmetry. This means that droplets
crossing the inlet section A, at the same time /£,
then cross section A together, at time 1. A, at
time 5. cte.. with same mp. vy, Uyand 1,0 a8
shown in Fig. 2. Taking advantage of this prop-
erty. in the present caleulation of source terms.
a droplet flux-fraction function J(0) 18 intro-
duced as the ratio between the number of
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Fig. 20 An illustration showing the cffeer of flow strain on
arcas formed by water droplel streams as o function of tine,

droplets crossing a unit suriace arca perpendic-
ular to the x-axis al time ¢ and the number of
droplets crossing an cquivadent area at tinme 7,,.
Because of the self-similarity approximation,
Eq. ALY shows thato if the dropleis are uni-
formly distributed at time 7, (/3 is indepen-
dent from the radial distance 7, as the distance
from the x-axis of cach dropiet inereases in time
with the same factor Ji(ey. Therelore. b (1) may
be also defined as the ratio between A1, and A .
as all the droplets crossing A, also cross 4, and
their distribution remains uniform over each
cross section. The number of droplets crossing
SeCtion Ay is iz v . U IS only near the turning
point that o dropict number density cannot be
satistuctorily defined. Therefore, the number of
droplets crossing o unitary surface perpendicu-
lar o the x-axis at Ume 71 is a0, 0 (1), By
considering a differcntial volume. in the limit
time step or — 00 it can be shown that the
function 4 satisties the following equation

o

s 2l (14
dr o ()
(Note: the above cquation can also be obtained
by integrating Eq. 11 (o lind A,.) At time 7, 5
= 1 by definition. Once the cquations for o
single droplet, deseribed by Fgs, 9—12 and 14,

7

arc integrated in time. values ol s U, 7, and

A MO LENTATI AND HL. K. CHELLIAY

[

w30 Al lustration of the axial motion of droplets i

timie, o two extreme droplet sives,

“are known along the entire droplet path. y.e.,
from the point on A4, to complete evaporation,
This information is next used to determine the
source terms contribitting 1o cach node in Fu-
lerian formulation of the pas-phase cquations.

Constder the case where the counterflow re-
gion s divided into fixed layers whose thickness
is at feast @ few tmes larger than the droplet
diameter. As illustrated in Fig. 30 a droplet may
cross the boundarics of any volume /717, a fow
Hmes or go Lo complete vaporization in tiis
volume element. Such phenomena are very
tikely to happen if the volume ¢ 1) is close to the
stagnation plane. Each droplet that moves in-
side 1, transfers mass. momentum, and ¢n-
thalpy to the gas ina time interval dr by the
amount

v

(3’,(1’) = =it et {13)

where o represents the right-hand side (erms in
Lgsc AL AL and AT6 (e, 00 00, +
Sodpll — Uy and - QGh, + 1y v H).
Because the number of droplets that cross the
planc Ay, per unit arca per unit tme i 71,000
the number of droplets reaching the element
17 and contributing to Fq. 13 per unit arca and
UBHLUMC B8 12,0 0.7 (£). Assuming that the path
of cach droplet in ¥ s divided into intervals
Vot b digh, A= oo 00 KL the mass.
momentum, and enthalpy transter in the vol-
ume dyded are given by
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enough to allow analysis of different flow con-
ditions in a reasonable time and (3) most of all
robust, as the cquations must be solved for
droplets of different sizes and different flow
field conditions. Because the variables control-
ling droplet equations vary slowly in space as
compared to some radical species or chemical
reaction rates. in the procedure employed here.
a new set of coarse grid points x,(j = 1, ...,
N, + 1) is used for the integration of droplet

cquations. To analyvze the grid independence of
the solution, the coarse grid chosen consists of

cquidistant points at intervals Av, greater by
some factor than the initial droplet diameter.

On the selected coarse grid points, the valuces of

v. Y, U, and T are linearly interpolated. To be
consistent. these values are then used to deter-
mine the gas-phase  properties  using  the
Chemkin and transport tibraries [ 18, 19] as well
as liquid and liguid-vapor cquilibrium proper-
tics from thermodynamic table data [21].

The integration time step is chosen cach time
so that the droplet will not travel more than a
fraction of the coarse grid interval. Denoting
cach quantity calculated at time ¢, with the
superseript 72, and at time ¢, ., = ¢, + 8, with
the superseript i + 1, the single droplet equa-
tions arc approximated in the following form:

(dl)u s ('dl)u (\)Xll\lfll ‘
- = (18)
O[” /)u'(./)
ol P2 Qi
. Ve ]b“’ :
B 7 TR LR A (19)
&, P ld?)
"'l oy x(wﬂu
oo = e
o, patd=)
SR E A (20)
T 127"

8[/.' ) pxl(‘/u(({:)”
(]n _ 7‘”“{’” I‘/r\lfu’l
o AR B G
L — exp(W) e
W7 Y
Yo Ly . o ot jale]
5/ = 0507+ (12)
O, '
S A i 0 B [
P A CH R A (23)
[8
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The gas-phase properties appearing in these
cquations are calculated only at time ¢, includ-
ing v and U. as implicit schemes can be wven
time consuming. The terms n the right-hand
side of Egs. 1823 could be caleulated at time
t,. vielding a simple explicit, first-order methed,
However, nonphysical oscillations might appear
in v, U, and 7 (the instability of 1, i~
discussed separately below) mocase 8, is aot |
snitlt enough. which is the case when mi, ap-
proaches zero (or d= — 0). ‘
To improve the stability of the ordinary dif-
ferential equation (ODE) solver, v, U, and F
appearing on the right-hand sides of Lgs. 18-23
are evaluated at time ¢, . with the exeeption of
the term U7, which is not fully implicit. ic.,
UL instead of (U7

tion in U4 dincar. Also v, and U in Egs. 22

Y710 keep the cquae

and 23 appear as averages between values at ¢,
and 1, ., to improve the accuracy. The method
used in Egs. 82350 although not fully explicit or
fully imiplicit, is consistent (converges o the
ODE as 87, — 0), first order. and absolutely
stable. The error introduced can be made arbi-
trarily small by reducing or, until it becomes
smaller than the crror introduced caleubating
the source terms on the coarse uniform grid

X = oo N ) anstead of on the

original grid v,(j = 1, ... N, + 1) where the
Eulerian cquations are discretized.

As the droplet enters the hot mising faver. s
temperature increases rapidly. and the numere
cal approximation for 77!
value determined by the thermal equilibrium.
Lo balance between the heal transfer to the

can overshoot L

droplet and heat of evaporation. This equilib-
rium temperature of the dvoplet. 7770 where
these two terms balance is given by

[ i

Sl eaptTh

YRR

O

()
F

To climinate spurious oscillations associated
with overshoots of droplet temperature, whea
77 given by Eq. 21 is greater than 1, the
condition 7% - 17
tally implies that. as the characteristic time o
I, becomes much smaller than &7,
totic solution of thermal cquilibrium s justiil
able and is used here.

is imposed. This essern

Tev igrans
LIC sV
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Calculation of Source Terms

once d, v Ui T, and 7 are determined from
Egs. 18-23, the source terms are first calcutated
from Eq. 17 at the coarse and uniform grid
oints x,;. 1 both the droplet locations Xy and
xf,}r] (given by Eg. 22) arc in the same Ax,
centered in Xy (i.c.. the droplet center of mass
remains in the same volume), then all the
contributions arc assigned to the pointx,;, while
on all the other points X, (k # j) the souree
terms are not modificd.  Alternatively, A
must be in the volume centered i one of x’s
wo neighbors because of the small time steps
wken. In the latter case, the contributions o the
source terms are then shared by the two grid
points proportionately pased on the fraction of
time &f, spent by the droplet in cach of the
corresponding volumes. Subscquently, the val-
ues of S0 Spps and Sy, used at the points v,
(j=1.....N, ¢ 1) in the Eulerian formula-
tion are calculated interpolating from the values
given above.

The numerical approximations introduced
above in evaluating the terms S, Sy and Sy,
certainly can have some Crrors associated with
them. For example, the first-order temporal
intcgration scheme using the values of gas-
phase properties interpolated on a coarse orid
can be o source lor such crrors. However, the
procedure adopted here gives acceptable nu-
merical results when the gas-phase propertics
that affect the droplet dynamics change on @
scale equal to or greater than Av,. and the time
step or,, is taken small enough. Also, when a
droplet is crossing the boundury between two
volumes. the contributions that arc not more
rigorously given to one of the volumes when
droplet mass center is. in fact. located in the
adjacent cell can be another source of an error.
Such errors are however minimized by taking

small time steps. Because a rigorous analysis of

the error is not possible duc to the nonlincarity
of the problem, an attempt 1o quantity the
errors associated with  the hypothesis  intro-
duced, by using a sensitivity analysis. is dis-
cussed later in the paper.

Solution Algorithm

The equations describing the gas phase with the
droplet source terms can be written in the form

Fis,S) =10 {25)

where s represents the matrix s, ; (1 = 1.
N A= N, T 1y of the (N +4) =
(N, + 1y unknowns 7. Yy, (k= 1..... N).
U, v and /. () = b N, T 1y and S the
veetor of the source terms S, S and Sy
(j=1..... N, ). With a “good” initial
guess for s, these cquations arc integrated with
an algorithm  that uses quasi-Newton steps.
After 1+ 1 steps. the approximation of the
solution is given by

SH [ — S” _ (!l;‘)”[("“ (1 ,, “/)S” n \/S” )
(20)

where 87 and § are the solution and droplet
source terms S after a2 steps. respectively, and
(JIg 'Y is the inverse of the Jacobian caleulated
al step 21 keeping the source (erms constant. The
Jacobian s in block-tridingonal torm and s
cateulated numerically and then inverted. call-
ing a subroutine already used in previous work
[15-17]. Here, a relaxation parameter y b
introduced to speed up the convergenve to
steady-state solution.

As shown in L. 17, the souree terms depend
on the gas-phase values at the points that are
used to integrate the single droplet equations.
However, such dependence is not accounted in
the Jucobian. otherwise. the matrix would Tose
its property of being block tridiagonal. This
means that Jig is only an approximation of the
real and less-sparse Jacobian. 1n verneral. con-
vergencee is guite fast (no more than five oF siX
iterations). but it can become A problem when
S
become very sensitive o the solution. For this

Sy and S, peak vithues are darge ol

renson, in Eq.o 200 F v sometimes catculuted
i
Lo

introducing the relaxation factory with §”
compensate for very quick variation of Soi- D
and S, at cach step.

[he solution is assumed o have converged
when

-1 <

H;n -5 ‘
(N 4NN, + 1

/w

= € (27

where § is the vector of the unknowns seaded by
some reference value of the solution variables,
and €, 15 4 small prefixed value. It the solution
converges, @ erid refinement step is porformed
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Fig. 4. Comparison of the maximum fame temperature.
/ vs. flow strain rate, o, for different inflow water vapor

s

partial pressuies.

to determine whether and where new  grid
points must be added based on the evaluated
aradients and curvatures. and the iteration pro-
cess s repeated [17].

EFFECT OF WATER VAPOR ON FLAME
EXTINCTION

In a real-life fire situation. or i laboratory
experiments, when water droplets are intro-
duced to suppress flames, they are bound to
siturate the room air with water vapor. Consce-
quently. the fraction of oxyvgen displaced (or
diluted) by the water vapor can reduce the
flame strength, ov the extinction strain rate
{a.,,), of the counterflow flame coasidered
here. Figure 4. for example, shows a comparison
of the predicted variation of maximum flame
temperature. 7,0 as @ function of the flow
strain rate {«). for some sclected water vapor
concentrations. The line with symbol
sponds 1o a dry case. whereas the symbol

correspond to a tully saturated case at a room
temperature ol 300 K and atmospheric pressure
(i.c.. partial pressure of water pyy ., = 0.035]
atm or. in mass fractions, Yy, ,,, = 0.0222_ with
Y = 0.2278 and Y, = 0.7500). The fucl
considered in these caleulations is pure meth-
ane (Yo, = 1), Based on this figure. it the

COTIre-

j
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asymptotic vadue of highest strain rate for each
case is taken as the extinction strain rate. a
then the results indicate that saturated \\lel:cr
vapor atone can decrease the lame extinction
strain rate by 25%. This enhanced cffect is noy
solely due to ditution, but is partly duc o the
high thermal capacity of water,

DYNAMICS OF WATER DROPLETS
WITHOUT INTERACTION

If the amount of water being mjected inio the
air stream is greater thanpy ., = 0.03371 aim
(or ¥y -~ 0.0222), then the excess water will
be in condensed form. ic.. in the form of
droplets. The mass fraction of water associated
with such droplets leaving the air nozzle can be
defined using

FH gtV (23)

Y, -

L o oo ™ et e

where i, 18 the intial mass of the droplet, g,
the mitial number density. v, the mitial velocity
of the droplet, and p,, and v, are the density and
veloeity of air feaving the nozelel respectively,
Al the
assuming that the droplet veloeity teaving the

results shown here are obtained
air nozzle s same as that of the gas. vy, =
1,. but other inflow conditions can be casily
anatyzed with the model developed. One of the
major objectives of the present work is to un-
derstand the trajectories of condensed-phase.
monodisperse water droplets in a reacting coun-
terflow ficld considered here and investigate
their effect on the flame extinction condition.
In the present predictions, the effecet of vari-
ous monodisperse droplet sizes for three differ-
ent fixed water mass fraction i the condensed
phase (¥, = 1, 2,
make tair comparisons. Table T shows the num-
ber density of waler droplets leaving the air
nozzie. n,, (#i/em™)., for three different ¥, and
tor three different monodisperse droplet sizes

aind 3% ) 1y considered, o

sclected. The last column in Tuble | also s
the characteristic separation fength between
droplets. /7, (em). Tt is interesting (o note that,
for all the combinations of water mass {raction
in condensed phase and droplet sizes. the ratio
of droplet separation length te the droplet
diamceter, //d. remains fairly large ((=20) and is
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TABLE 1
Comparison of the Number Density and Droplet
Separatinn Lengths for Some Selected Water Mass
Loadings

i i nl? I,
2 (um) (em ) {cra 9 {em)
1o 3 7o SH.3 077
Id e 33 20 2787 4.1 0.0711
Kl 178 S0 BN
27 N RN ; .014
{:d 28 B 3032 17N (0.0562
R son G (.1 406
R N S40254 517 a.622
ld - 24 20 K335 RIEIS U083
54 346 X2 01223

of the same order. at the neglect
of droplet=droplet interaction is reasonable for
all the cases considercd here. Tt should be
poiiited out that in actual water-mist systems. i

This implies th

is highly ualikely that the water droplets gener-

ated are monodisperse. However, under very

fow water mass How rates. the geoeration of

monodisperse water

periments is well established and s being pur-

droplets in laboratory ox-
sued by several groups. mcludi
the University of Virainia, Tt
formed here with monodisperse droplets pro-

mng our group at
w predictions per-

vides a better mechanisoy to anadyze and under-
droplet  dynamics and
interactions with the vas-phase processes, which

stand  the  basic

can be cusily extended to polvdisperse droplet
[fows 1 the future,

As mentioned provieashy for difutely oaded

droplets. the gas displacement by water droplets

can be neglected because of the large density

ratio between the condensed water and the gas.

Under such conditions. the only interaction

between the droplets and the gas is because of

the souree terms S0 5, and N,

Fgs. 25, When these terms are included o the

appearing

numerical calculations, the flame structure and
extinction strain rate are affected dramatically.
depending on the amount of condensed water
added and the dropiet sizes. Thus, for the
purpose of itlustrating and comparing the tra-
jectories of various droplet sizes in the countor-
How ficld and their associated source wrms, d
fixed low-strain rate case {o 130 % Yy where
the droplet source terms are excluded (or the

source terms turned ol I sumorics) s ocon

60 e - = - - - 2500
! ~ \ phgse -
‘ § microns
40 ¢ R
. N, - 2000
\\
20} )
1.
. 1500
b :
-
[ 1000
-40 !
‘ SU0
60 -
-80 - - oo - : Y
-0.4 -0.2 0.0 0.2 0.4 0.6

Fio, 50 Comparison of the gas volocny and droplice velocity
of difTerent stves, with dropiet souree worms torned "ot in
vas-phise caleulations. Also showno is the was temperatiie
fihick Tine)

!

sidered first. It should be mentioned here that

the profiles of droplet rrajectories and source

terms presenied below remain essentially the
same for high-strain rates as wells Figore
shows o comparison ol the asad velochy atong
the axis of svinmetry of the gas and droplets of
ditferent sizes lor the sclected lovw-strain rate
case. Although the coupling arising from the
droplet source torms i gas-phase struciure s
neelected, in solving droplet cquations for drop-
fet trajectory shown in g, 5.0 the droplet vapor-
18=23 In

Fig. 3. the S-pm droplets are seen o follow the

zation offects are included in Bgs.

vas Ly closelv. whereas huge droplets deviate
considerably, The droplet lag seen b

slightly worse

CIVTEO S
for !1;‘ -strain rtes, especialby
near extinction conditions. The >-pm droplers
arc also seen o be completely vaporized soon

whoreas

after they enter the hot mixing Tave
Si-pm droplets penetrate through the flame
and also the stagnation plane and then reverse

their direction somewhere in the facl stream. I
the droplet vaporization is suppressed. then the
penetration of S0-um droplets s much more
pronounced. with multiple crossings at the stag-
consistent

nation pline. These predictions are

with those roported carlier by Chen ¢t ab il
The droplet response to the va
charweterized Iy

definme the flow

Finlon i gas-
phase low conditions can by
the Stokes number, &1 By

residence i rlow as i b

PR N
11 e ouler dtl
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TABLE 2

Comparison of the Stokes Number (51) for Different
1 !
Rl ~

Dyoplet Sizes fore - 130
o !:, [’vh,

{ ) (s (s St
11,7523 0! 0.7633 < 1) ° 0.0008
10 0.3000 = 10 0.7633 = 1Y 0.0394
N 00770 < 10 7 < {0 URRT
20 01204 10 7 NI 0.1377
23 IS8T [0 <l 0.24064
30 (L2708 »0 10 R (1.3548
40 (dsld i 14 (o307
S 07323~ 4 I i).U835
o 04083 <4 ! T Ik

and dertving an expression for the droplet re-
sponse time (f,) buased on Stokes drag. the
foHowing expression can be derived for 57

I8

St = (2N

i
a pd’
For the strain rate of 136 " considered in Fig.
3. the variation of Sz for different droplet sizes
i the outer oxidizer ow is shown in Table 2. 1
is seen that 3-pm droplets have traly smadl St
number, consistent with the results shown in
Fig. 5. As the droplet size approaches about 3
am, the 5S¢ number approaches about 01 indi-
cating stower response of the dropler to the gas.
as seen in Fig. 5.

Figures 6 -8 show the variation of other vari-

-

< 530

O ’ —— R S
-0.4 0.2 06
r {cm)
Fig. 6. Comparison of {7 of gas w0 ot difforent droplet
sizes. with droplet source terms turned 7ol in sus-phise
caleuations. Alse shown s the pas remperature (thick ).
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Fig 7 Comparison of droplet tomperatare. [ of ditferen
droplet sizes, with dropiet souree ternms wirned “oft™ in
eas-pliase caleulations. Also shown is the cas temperatirg

(thitch dimed.

ablos associated with the droplet, evaluated
trom Fgs. 200 210 amd 230 along the avs of
symmetry, These results are again obtaned
tader the same conditions as i Fieo 30 Figure 6,

for examuple. shows that £, s always less than
£ which 1s expected, as the gas is aceelerating
radindly from the axis of symmetry aind is con
sistent with  experimental - measurements of
mcthunol droplets in a counterifow by Lo et ul
i3], Vigure
S-pum droplets (7, tollows that obtained as-

7 shows thut the temperature of

2000
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quming thermal cquilibrium condition given by
Eq. 24 (solid line). whercas other droplets show
4 small thermal lag. However, this lag has
insignificant effect on the tlame structure and
extinetion condition considering the small tem-
perature difference and the energy associated
with it. The variation of flux fraction 7 as a
function of the axial location, shown in Fig. 8,
however, has a very important role on the
droplet source terms described by Eq. 17. there-
fore. the state of the flame. The reduction in ¥
ceen as the droplet approuches the stagnation
planc iy because of the flow divergence or
straining cffect. 10 the droplet vaporization is
neglected. the curves shown for ditferent drop-
let sizes shift somewhat, but the dramatic reduc-
tion of 7 seen with droplet location does not
change. Similar results for axial liguid methanol
volume flux were observed experimentadly by Li
et al. [3]. with and without a fHame.

SOURCE TERMS WITHOUT
INTERACTION

Once the solution of droplet variables is ob-
tained (e d, vy Uy Ty and ), the source
terms contributing to the gas phase can be
evatuated through Eq. 17, Hereosuch contribu-
fions are shown. once again by turning “olt” the
interaction of such source terms with the gas-
phase caleulations to keep the flame structure
condition the same for different droplet sizes
considered.

Figures 9—11 show the vartation ol mass,
momentum. and cnergy source terms. L.e.. S
5, - US,.and S, — h,S,,. along the axis of
symmctry {or different droplet sizes. Figure 9
shows rather strange profiles. especially on the
air side before the flame. where evaporation
effects are negligible. It is seen that smaller
droplets exert @ greater radial forcc per unit
volume on the gas than larger droplets. This is
hawever casily explained by the fact that larger
droplets shoot through that region faster than
smaller droplets. so that they have much shorter
residence time. A comparison of Figs. 10-and 1 |
indicates the profiles of S, and S, = h.S,, tobe
very similar (except tor the change of the sign).
This suggests that heat transter to the droplets
and evaporation are well correlated: the impli-

15e-02 — —7 e — T v = 2600
C [T s s microns A" I
| ==+ d=15microns \
I —- d=230 microns H
1202 £ | - - 3= S0microns | 5 2000
! ;
:
9.06-03 |
= | 1500
g i -
= 6.0e-03 - —
' 1000
oy
3.06-03
: 500
.06+00 |
B B A [ Iy
0.4 -0.2 0.0 0.2 04 0.8

T lem)

Fig. 9. Typical S, profiles of different droplet sizes. with ¥,
(.02 and droplet source 1ernts turned “oft” in gas-phase
caleulations. Also shown is the gas temperature (thick line).

cations of such correlations are discussed fur-
ther in the next section.

EFFECT OF WATER DROPLETS ON
FLAME EXTINCTION

The most interesting question that can be
probed by the two-phase model developed here
is the cffect of water droplets on flame extine-
ton condition, when the source Lerms arc n-
cluded in the gas-phase solution, in particular,
the role of water droplet size on the flame
extinction condition for a given mass foading.

-9.0e-01 | - e e - 2500
-8.0e-01 |

7.0e-04

50601 |
_4.02-C1
30801

-2.0e-01

3
=
=
o
x
{

-1.0e-01

0.08+00 & -

1 0601 Lt 0
-04 -0.2 0.0 0.2 0.4 X
r{emld

Fig. 10 Typieal S, s, profiles of ditferent droplet

sizes, with Y, = 0,02 and droplet souree terms turned Toit”
in gas-phase caleutations. Also shown is the gas temperature

(thick line).
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Lvpical S, 71,8, profiles of ditferent droplet

.02 and droplet source terms turned “off”

Such clfects can be shown by plotting the vari-
ation of maximum Hame temperature as a func-
tion of the flow strain rate. as shown in Fig. 12
similar to that shown carlier in Fig. 4 tor water
vapor effect. In addition to the saturated water
vapor at room conditions {sohd linc). when
condensed water 17¢ by mass is introduced. 1.e.,
Y, = 001, in the form of different droplet
sizes. difterent profiles for 71, are obtained
and are plotted tn Fig. 12 for comparison. This
figure indicates that 30-um droplets are the
least effective with a refatively higher extinetion

2000 jTT T e e R
: > -{rsal. vapor {p_v = p_sat) [
~ e £1d = 5 microns ‘
1950 ¢ G {2 - Ad= 15 microns : i
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Strain Rate, a {(s71)

Fig. 120 Comparison of 17,
sieos. with v, 001,

vs. o, tor different droplet
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g, 13 Cowparison of 1, vs. g tor ditferent droplhe

[

sizes, with ¥, 0,02,

strain rate (stll below the saturated vapor case
with water vapor mass fraction of 0.022), while
{3-um droplets are the most eftective with the
fowest extinction straim rate. As the size af
monodisperse droplets s decreased below 13
win, thiey arc scen to be less cffective. The
fowest size considered here 18 5 pmoas the mass
and enthalpy source terms approach @ a-func-
tion as scen in Figs, Yand 11, introducing severe
convergence problems ol the numerical modcel.
In fact. droplets of 5 p and below should
approach the Iimit where all the water consid-
cred is in vapor phase at the air side boundary
ol the mixing laver. provided the mtlow temper-
ature of atr is not affected. Trrespective of this
difficulty. the most interesting nonmonotonic
behavior on droplet size is captured well by the
two-phase model developed here Tor steady.
laminar. counterttow. nonpremixed flames.

For higher water mass fractions in condensed
phuse, sinilar profiles for 7 as a tunction of
flow strain rate are obtained, as shown in
Figs. 13 and 14 Howcever. the extinction strain
rate is seen to reduce signtficantly with inereas-
ing water droplet loading. For various mass
fractions considered here, the nonmonotonic
citect of droplet size on the extinction strain can
be better Hlustrated as shown in Fig, 135, For all
the conditions considered here. 13- to 20-um
droplets are seen to be the most eticetive, This
superior eftectiveness of 13- to 20-pm droplets
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sires, with ¥, {103,

can be explained by the location of the mass
source term seen in Fig Y. tnthe case ol 15-pm
droplets. the peak value of 5, and also S,

B8, ds seen o occur at the oxygen consump-
tion or radical production laver. The negative
clicet of &, — 1,5, on flame temperature cun
result in lower radicad production and henee
carty flame oxtinetion {22, 23] The exact phys-
ical, thermal. and chemical contributions re-
sponsible for flame extinetion condition i the
presence of water droplets are currently being
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droplet mass fractions i condensed phase at inflow,

investigated separately. with comparison to that
of traditional chemical agents, such as halon
1301.

The concept of flow strain rate as defined
here. i a = —dvidy, is strictly applicable 1o
constant density or nonreactive mixing laver
Hows, However, it is o uselul Hubd dynamical
parameter for comparison with near extinetion
experimental velocity data obtained with nonin-
trusive laser-Doppler velocimetry  technigues
[6]. For theoretical studics. a more uselul Huid
dvnamical parameter is the diffusion time scale
detined by the inverse of the scalar dissipation
rate |23, 24)

\ = 2DN (30)

where D is an appropriate diffusion coclticient
(c.on D)= Ape,,) for unity Lewis number) and
/ is the mixture fraction. For smadl stoichio-
metric mixture fractions. 70 an analvtical ex-
pression relating the stoichiometric scalar dissi-
pation rate. y,. with ¢ taking into account the
thermal expansion effects. has been derived by
Kim and Williams [25]. Instead of using such an
analytical expression. the scalar dissipation rate
at the stoichiometric point at cxtinction is
directly computed here by solving for a con-
servation cquation for mixture fraction. The
resulting variation of (x,).,, as @ lunction of
the initial droplet size and water mass fraction
in condensed phase §s shown in Fig. o, indi-
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cating a trend similar to that of a,,, shown in
Fig. 15.

The results presented here need to be vali-
dated with careful experimentation. and such
studies are currently under way. However. the
generation of truly monodisperse droplets is a
challenging task, and methods of extending the
present work to polydisperse droplets need to
be pursued in the future.

SENSITIVITY OF THE RESULTS TO THE
APPROXIMATIONS INTRODUCED

Several  simplifications  and  approximations
were used in the development of an analytical
model for droplet cquations. The implication of
some of these approximations introduced and
possible inaccuracics arising from these approx-
imations arc addressed here separately.

Grid and Time Step Size

In solving the sct of ODE's described by Eqgs.
2-5. an initial solution on a coarser grid is
traditionally used, with subsequent refincments
of the grid where the gradients and curvature
are large. This method works well when the
outer How is approximated by a potential flow
field where U is independent of x in the outer
frozen flow region [16, 17]. However. for the
rotational flow field used here, with plug flow
boundary conditions, the grid refinement
scheme does not add additional points to refine
the outer flow region where the velocity gradi-
ent changes with x. To obtain accurate solution
for the flow strain rate, a, based on the velocity
gradient of the outer flow in the oxidizer side.
the domain outside the mixing layer is artifi-
cially refined until the strain rate solution be-
came independent of the grid selected. As men-
tioned previously, the droplet equations are
solved on a coarser grid x; such that Ay, is at
least two times the largest droplet size consid-
ered, i.e., 100 wm. However, the {inal solution is
found to be invariant with the coarser grid
selection as long as the source terms contribut-
ing to each cell are appropriately partitioned,
depending on the time spent on cach cell. In
addition to the grid sclections, tests performed
with the Lagrangian time step modificd with a
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factor £ arc shown in Fig. 17, This figure indi-
cates no change in the flame structure and ven
minor changes in S, with the f values selected.

Quasi-Steady Droplet Evaporation and Heat
Transfer Model

The expressions for O and # described in
Appendix A are derived under the assumptions
that 7, is uniform in the droplet and that the
quasistcady-state solutions of the surrounding
gas can accurately approximate the water vapor
concentration and temperature profiles. The
above relies on the hypothesis that the charac-
teristic times of mass diffusion 7, and thermal
conduction in the droplet and in awr, 7, and
Taen. Tespectively, are much smaller than the
characieristic flow residence time of the droplet.
7,.,» which depends on how fast the droplet is
traveling along the x-axis. Using the following
expressions for above time scales, 7, - A
Vo Try diD. 7, = p“,(‘,,“lfjr’/\‘,. and T,
= pra'l/)\. where overlined properties identify
averaged quantities around the droplet (sce
Appendix A). Here, Av is a characteristic length
along the x-axis, where gas-phase temperature
and vapor mass fraction vary appreciably. A is
the thermal conductivity of liquid water. and
Vi nen 18 the maximum value of velocity ot the
droplet in its trajectory.

Estimation of the characteristic time scales
described above from the converged numerical
solution indicates that 7., i debhnitely Jarger
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than 7. Thus, the assumption of uniform tem-
peratl.irc field within the droplet is expected to
pe invalid. However, the error introduced in the
solution is not large because the fraction of
encrgy flux that goes into raising the tempera-
ture of the droplet is typically of an order of
magnitude less than that associated with latent
heat of evaporation, especially for the size of
droplets considered here. Inaddition. smali
error in 7, (the droplet temperature at the
curface for nonuniform droplet temperature) is
expected 1o introduce negligible influence on
the mass evaporation rate as 1, T This can
be better demonstrated by writing the mass
evaporation rate in terms of the transfer num-
her based thermal driving foree, Q7. given by 15,
10]
/’\

Q =2wd - In

. {30

Therctore, the profiles of the source terms of
mass and enthalpy are bardly affecied by the
above errors. Certainly. the comparison of char-
acteristic time scales indicates thye naecd for
more-accurdle modeling of the internal hoeat
transter, especialh for larger droplets such as
those cncountered i water sprinkicrs.

Sensitivity of the Solutions to F, (¢, and 1

Besides the deficicncies in droplet evaporation
and heat transfer modeling deseribed above. the

estimation of the bodv foree I may involve

some uncertaintics. primarily associated with
the neglect of gravity and low Reynolds number
approximation for the viscous drag force. bor
the high-strain rate flows considered hered it s
relatively cusy to establish the negligible rote of
gravity hased on the ratio of potential encrgy to
kinetic energy. given by 2g(y, - T
(U

According 1o Refs. {2, 10, and 1] the models
developed assuming guicscent atmospheric con-
ditions underestimate  cvaporation and  heat
transfer by -257 and drag coefficicnts by
1. How-
ever. no mention is made about possible effects

~13% for Turge droplets when Re

of mass evaporation on drag or its interaction
with convection cffects at high Re,. For the

conditions considered here, however, the maxi-

~d

v

TABLE 3

The Sensitivity of a o, to Variation of &, Q. and [{ for
A s

R 30 pm. Y, 37

NP s R A O Qi N I ML

(" ) [ (]
2t (1.9 73 BN
=20 [ 2N 8.3

mum observed Rey; is about 2.5 tor d = 30 pm
and Y, 10 near extinction, whereas, for all
the other cases, it is cqual to or less than 11
should also be pointed out that high Re,, elfects
cannot be directly included in the current mod-
cling approach, as Q. H. and /7, would ¢nd up
depending on ry, and the source terms them-
selves on r.oinvalidating the hypothesis used m
defining the self-similar solution. One way 1o
avercome such a difficulty is by assuming
Re, = Rey . where Re, and Re, are Reynolds
numbers bused on the axtal and radial vetoenty
components of the droplet. respecuvely. Then
£ F O and I are madified by factors of the
hind 1o+ (k’!’(-"“;‘

FAL Such an assempt

i

where o and oare constunts
ton nay be considered

valid onlv near the x-axis, when the gas-phase
ffow iy given as 1 kg b
Bt

improving the submodels used. the sensitivities

e undertaking the challenging task of

of any possible crrors associated with /7.0 QL and

I are assessed here. For the case with d = 30
pyand Y, == 20 the moditication of £ (.
and £ by 220 on the predicted extinction

i
strain rate is shown i Fable 30 Ttis evident that
farge errors on the axial foree estimations do
not particularly aftect e, . at feast as long as the
force is strong cnough to make the droplets
follow the gas well The smalf increase e, for
positive A s due o the fact that near the
flame the gas aceelerates, dragging the droplets
with iwelf before slowing down again ai the
stagnation tlame as can be scen in Figo 4 Errors
in both O and 77 appear to affeet the solution
more signiticantly. o the case of modified O,
the lower variation on ¢, for A F20% s
perhaps due to the coupled effect ot Q0 on [
and #1, which reduces the droplet size rapidly 1o
fhe 15-pm range. In case of modified 7/, the
variation of ¢, is the same for both signs of A,

Thea |, s more sensitive (o H not oniy beeausy
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of the modification of Q by changing the equi-
Jibrium temperature but also because ol the
rapid increase in 7, before the droplet reaches
the flame.

Droplet-Droplet Collisions

A key assumption in the numerical model de-
veloped s that droplets are transported without
collision with others. This assumption allows for
a fairly simple description of the droplet flow
field and derivation of a selt-similar solution for
both droplets and gas phase. Tt relies on the idea
that the droplets leaving the air nozzle are
monodisperse with the same exit velocity (v,).
henee, similar dynamics in the countertlow ficld,
Although such ideal conditions are difficult to
be realized in cxperimental situations. i the
initial droplet separation distance to- droplet
diumeter s large. as scen by Table 1 the
fraction of droplets colliding before evaporation
can be neglected.

The worst situation that can violate this as-
sumption arises when large droplets with high
droplet loading penctrate the stagnation planc
and reverse their trajectory, creating a region
where opposed ow of dropicts exists near the
axis of symmetry. Such a region exists for 50-pm
droplets considered heres as seen in e 3.

Figure 18 shows the caleulated trajectory of

such 3U-pm droplets along the X-axis as a func-
tion of time and the corresponding lux fraction

A. M. LENTATI AND H. K. CHELLIAH

function for Y, = 3% . With »,, = 68 cmis and
an average distance /) = 24d = 012 em (sce
Table 1), cach droplet is estimated w be pre-
coded and followed by a droplet betfore and
after atime 1.8 % 107 s, Thus, i it is assumed
that droplets are leaving the air nozzle at every
1.8 < 10 s then the region between points |
and 2 (the region where cach droplet group
would sce a group of droplets flowing in the
opposing dircetion) in Fig. I8 consists of - 17
lavers. By taking the average value of droplet
Hux fraction. . in region | — 2as 12 and in
region 2 = 3 as 14 the probability of droplet
collision in this worst case region can be roughly
estimated as

1t rdy
R /,\]

N ‘ -
l.m'/ T

Clearly. this estimate for collision probability
acts even smaller for smaller droplets because
of evaporation and the increased straining of
droplet flux, Henee, the assumption of negligi-
hle droplet collision is reasonable.

SUMMARY AND CONCLUDING REMARKS

The purpose of this work was 1o develop anew
two-phase numerical model 1o analvze the of-
fectiveness of monodisperse condensed-phase
fire suppressants i extinguishing countertion
ames. An important featuie of the new maoddel
doveloped s it can overcome the singularities
associated with solving the droplet number den-
sity equation in counterflow field accurately and
i o very robust naner. This was achieved by
Gsing a hybrid Culerivn-Lagrangian formula-
tion for the gas—droplet flow, with the introdus

.
tion of droplet flux fraction to describe the
droplet number density equation.

As part of this work. the model developed
wis apphicd to o case where monodisperse water
droplets are ntroduced with the wir stream Lo =
nonpremixed counterflow flame of methane and
air. Severa! cases with different droplet sizes.
ranging from 350 pm. were considered. Small
droplets (220 ) tend to follow the gas closeh
and go through rapid evaporation i the lioe
mixing laver. and itwas shown that they ooy
cross the stagnation planc. The St-pm dropled
considercd was shown 1o cross the stagnation
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plane several times. before being completely
vaporized. The most important finding of the
prcscnt work is that the flame extinction strain
rate shows nonmonotonic behavior for different
monodisperse droplet sizes considered for sev-
eral water mass fpadings (1-3% n condensed
phasc). Assuming that the droplets leave the air
stream at the same velocity as the gas, 15-pm
droplets were seen to be the most effective. For
example, addition of 3% ot water by mass
condensed phase (in addition o 2220 as satt-
rated vapor) was shown to reduce the extinetion
rate to 134 s ', from about 44 s "or the dry
case. The nonmonotonic effeet of dropiet size.
especially the superior flame extinction phe-
pomenon associated with 15-gm - droplets, is
attributed to the droplet dynamics in the coun-
erflow field and to the large mass evaporation
and heat sink observed near the oxygen con-
sumption fayer. A carcful analysis of the physi-
cal. thermal, and chemical contributions con-
trolling the  phenomena predicted here
currently tnder way and wili be presented in
separdaie paper.

Sensitivity analyses ol the approxinute an-
Iytical models used 1o simplity the numerical
integrations show that nmass cvaporation and
heat (ransfer ternis need to be more aceurutely

modeled. Methods of improving the accuraey of

these models wilt be pursued in the tuture.
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APPENDIX A

The Lagrangian cquations describing the con-
servation of mass, momentum (both ©and ¢
directions ). and enthalpy of a single dropletcan
be written as

dm,,
S0 (A1)
i
d ]
Solp (h (A
i o = :
o
{rn it ~Qu ., + F (A3
dt ) < / )

o
gy

Oth, v iy H
di

where, m, ix the droplet s, (O the mass
evaporation rate. £ the anial component of the
external force acting on the droplet. /) tiie
radial component of the external force acting on
the droplet, /1, the droplet specific enthalpy.
the heat flux from the gas to the droplet.and I
the average heat of cvaporation at the droplet
surface.

The values of O 7 F, and H depend mn
oeneral on the state of the droplety its relative
motion with respect to the pas, the thermo-
chemical and transport propertics of the gas.
and the presence of other droplets in the neigh-
horhood. To accurately determine these terms,
the regions around coch droplet controiling the
mass and heat ransfer should beresob cd.
Fortanatelv, walct vapor niiss fraction, tempet-
ature, velovity, amd tiermody namic coctlicients
of the gas around the dreplet vary ove dis-
fances creater thar fow diametens. Thus aver-
age vadues ol these oas-phase varmbles are tisesd
to determine O, £ 1, and f1.

Simplified Models for Ervaporation, Heat
Transfer. and Forces Acting on the Droplet

When droplets are nol at yest relative to the
surrounding gas pliase. convection attects evap-
oration and lhieat tansfer. This clieet can be
assosseid by estimating the droplet Reynolds

pimber dofined as

/VJ l /('/
2
where pis the densine averaged i the region
around the droplet @ the yiscosily myeraged b

the region around the droplets Loy, v
vy . o
oy Y T the diamcter ol the

droplet. When Re . there exists @ bound-

arv-layer flow region around the front of the

droplot and aowake fon behind i and
therefore the droplets van interiere with eich

other, When Reo i oof the onder 0D or

higher, the shear stross ul the pas-liquid inter-

faee can b baroe ceoush e induce biternad
hquid-phaw circualation Pro, P Blowever, it the




droplets are very small. as considered here, such
cffeets can be neglected.

In the counterflow under consideration, the
estimated Re, is of the order of 1 or less (at
least near the x-axis) so that the approximation
ot droplets in quiescent atmosphere can be
adopted. To get to a simplificd and explicit
analytical solution for Q0 and /1. the following is
assumed: (1) the temperature and diffusion
fields are spherical-symmetric. (2) pressure is
constant. equal to p,. (3) the droplets are
sufficiently far apart such that thetr evaporation
and heat trans{er occurs as in a single isolated
droplet, (4) boundary conditions at mnfinity of
the surrounding gas of each single droplet are
given by the gas phase 7 and ¥, s at the droplet
location, (5) meomlmn amd heatl transfer are
quasisteady (1.c., the droplet diameter, temper-
ature, ete. are assumed to vary slowly relative to
the transients of the gas propertics around the
droplet), (6) the gas surrounding the droplet iy
treated as a binary mixture of the cvaporating
species and a gas whose thernmodyaamic prop-
ertics are the same as a uniform misture of the
other nonevaporating species present in the gas
phase at the droplet location. and {7) chemical
reactions o the regions around cach dropler are

neglected (i.e.. the cvaporated species affects
the chemical reaction in the gos phase only
through the source term in kg 33 Integration
of equations for mass, diffusion, and
such single isolated droplets vield the following
expressions for mass cvaporation and heat
transfer:

A (=Y
O=2md “otn| - ] {A0)
cple, T Y
H = 2mqdT, — 1 S ;
[expl -
(A7)

where subscript 7 indicates the evaporading spe-
cics (in this case water), and s and ~ indicate the
conditions at the droplet surface and ~

. Tespec-
tively. The gas properties with overbar are eval-
uated using the standard 173 law [10]. Here, Le,
= (A pc,)i D,,, is the Lewis number based on
av Crd"Cd properties, with 2, being the overall
diffusivity of the evaporating species into the
mixture

enthulpy of
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The force components Foand [ nclad,
viscous drag forces duc to droplet motios 1ol
tive to the gas phase and evaporation rw
Gravity cffects are neglected here beciuse
the high convective velocitics., As Re, is o+
order of 1 or less, the loree compoiienin o,
approximated assuming Stokes drag coctficie
Cp = 24/Re ;. which yields

Fo=3adptv - vy) IR
F,=3wdplu - u,) S

The cquations above allown Hk existence o
<4
sclf-similar solution for the single dro plu Ci

tions.

Self-Similar Formulation of Droplet Dynamic

For the gas-phase flow field written m the i
of Eg. 1owhen Q0 M. F,

Lags. A6-AY, the right-hand sides of By,

cand Foare giver

A2 and Ad depend ondy onv,, the droplet e
coordinate. whercas the right-hand side o1 1
A3 s proportional 1o g,

the droplet v

coordinate. In Ref {210 @ new variable

roft o owas introduced tocast the systonm

cquations in a scif=similar form. with v,
= constant for the potential flow field o
cred with ¢ detined as the How stran raie
subseript O wdentifving the conditions at the
mflow plunc. For the general rotationad (5
formulation considered here, with the il
rooat the air ot

SN e varving from ve

planc (e, for pluz flow) 10 some finiie i

near the mis SIIE LAVOT. assumi in 344

i, = U, AN

o N il

1

the sysiem (AD—(A4) can be reduced
system of ODE'S md\:pcmlcm fromy 7, e ib
the trajectories of all the droplets can be don
mined with o single integration in gme S
these simplifications, the svstem ol By

’7
P

together with the cguations for the iy
location can be written as

dyy .

e { \

il

g rg Rt (o
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dr

{

dt

¢

where R (1) = exp([i, U, (n)di) is a function of

dﬂlld _ ’Q

(mgrg) = ~Ovg* 3mwdply -

d
—mghg =
ll( dte

¥ o) (A1d)

@

(,;, (m, U+ m U= ~QU, + Andp il — U

(A15)

~Oth, + Ly + H {A16)

: only. The initial conditions arc

xulf

o) =X, Tl T gy

v lty) = v Uglty) = U,

d([n) = d,. ’lﬂﬂu} - T:/“

(A1T)

where T, is the droplet temperature. assumed
to be unifornt.

Equations A13-Al6 can b further simplificd
by introducing an averaged  droplet specific

heat. ¢, and liguid density. py (independent of
L)
hy=c, Ty = 1) v

my =

whe

so that
{ALY)

T 3
'() })(/({’

{A1Y)

re /i, s the droplet specitic enthalpy at the

reference temperature T, Then, use of L2gs.

Ab,

A7. AR and A1Y in Egs. AL3=AT6 vields

the simpliticd set ot Eqs. 9—13 described provi-
ously.
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